Primary plasma cell leukemia (pPCL) is a rare and aggressive plasma cell proliferative disorder with a very poor prognosis and with distinct biologic, clinical, and laboratory features. Compared with multiple myeloma, pPCL presents more often with extramedullary involvement, anemia, thrombocytopenia, hypercalcemia, elevated serum ␤ 2 -microglobulin and lactate dehydrogenase levels, as well as impaired renal function. Many of the genetic aberrations observed in newly diagnosed pPCL are typically found in advanced multiple myeloma. These cytogenetic abnormalities and mutations lead to increased proliferation, enhanced inhibition of apoptosis, escape from immune surveillance, and independence from the BM microenvironment, with changes in expression of adhesion molecules or chemokine receptors. The outcome of pPCL has improved with the introduction of autologous stem cell transplantation and combination approaches with novel agents, including bortezomib and immunomodulatory drugs, such as lenalidomide. In this review, we provide an overview of currently available therapeutic options with recommendations of how these treatment modalities can best be used to improve outcome for plasma cell leukemia patients. (Blood. 2012;120(12) : 2376-2389)
Introduction
Primary plasma cell leukemia (pPCL) is the most aggressive form of the plasma cell dyscrasias. It is defined by the presence of Ͼ 2 ϫ 10 9 /L peripheral blood plasma cells or plasmacytosis accounting for Ͼ 20% of the differential white cell count, and does not arise from preexisting multiple myeloma (MM). 1, 2 Secondary PCL (sPCL), however, is a leukemic transformation of end-stage MM. The first case of pPCL was described by Gluzinski and Reichenstein in 1906 (Figure 1 ). 3 In contrast to the clonal plasma cells in PCL, reactive plasmacytosis associated with bacterial or viral infections, autoimmune disorders, and serum sickness is polyclonal in nature. pPCL is rare, with only 1%-4% of MM patients presenting as pPCL. [4] [5] [6] [7] [8] [9] [10] In addition, Ͻ 1% of patients presenting with extreme leucocytosis (Ͼ 50 ϫ 10 9 /L) are diagnosed with PCL. 11 Compared with classic MM, pPCL has both a different biologic background as well as distinct clinical and laboratory features. The prognosis of pPCL is very poor, with a median overall survival (OS) of only 7 months with standard chemotherapy, and therefore requires innovative treatment approaches incorporating various modalities to improve outcome.
Case presentation
A 51-year-old woman presented to our hospital with easy bruising for 1 week, combined with heavy menses, weight loss, and increasing fatigue over 2 months. Physical examination was noteworthy for pallor and splenomegaly. Laboratory evaluation showed a white blood cell count of 56 ϫ 10 9 /L, hemoglobin of 8.8 g/dL, platelet count of 30 ϫ 10 9 /L, lactate dehydrogenase (LDH) of 832 U/L (reference range Ͻ 250 U/L), a creatinine of 1.21 mg/dL, and serum calcium of 11.5 mg/dL. In the peripheral blood smear, the white blood cells had a very atypical appearance and immunophenotypic analysis demonstrated the presence of circulating clonal plasma cells (CD38 ϩ , CD138 ϩ , CD56 Ϫ , kappa ϩ ). Additional investigation revealed the presence of an IgA-M-protein of 1.1 g/dL, albumin of 2.9 g/dL, and ␤ 2 -microglobulin of 3.1 mg/L. The BM biopsy demonstrated diffuse infiltration with almost 100% atypical plasma cells. Cytogenetic analysis was remarkable for the presence of multiple deletions and t (14;20) . Several small osteolytic bone lesions were noted on skeletal survey, and overall her findings were considered consistent with a diagnosis of pPCL.
Treatment with bortezomib combined with doxorubicin and dexamethasone (PAD) was initiated. Supportive therapy consisted of hydration, allopurinol, pamidronate, antimicrobial prophylaxis, and hormonal therapy to prevent menorraghia. After cycle 1, circulating plasma cells were no longer detectable; and after 3 cycles of PAD, she proceeded to protocol-directed autologous stem cell transplantation followed by nonmyeloablative, fully matched unrelated donor, allogeneic stem cell transplantation; she achieved complete remission (CR). Her post-transplantation course was uncomplicated. Unfortunately, 12 months later, she developed oculomotor nerve palsy, caused by leptomeningeal myelomatosis. Staging also showed extensive BM involvement. Intrathecal chemotherapy was administered combined with systemic therapy (lenalidomide/ dexamethasone and donor lymphocyte infusions), and she obtained a second CR. Ultimately, 24 months after diagnosis the patient died of systemic and neurologic disease progression despite salvage therapy with a 4-drug regimen (bortezomib, dexamethasone, lenalidomide, and cyclophosphamide).
This case illustrates the aggressive clinical course of pPCL. In this review, we discuss the pathogenesis and presentation of pPCL and provide recommendations for how to treat patients with this high-risk variant of MM. We also draw comparisons between pPCL and sPCL to illustrate key distinctions between these 2 entities.
Biology of PCL
During initial stages of MM, tumor cells are mainly localized in BM where they depend on the BM microenvironment for growth, survival, and protection against drug-induced apoptosis. In PCL, tumor cells accumulate in the BM but also have an increased capacity to recirculate in blood, with subsequent egression, and formation of extramedullary disease. The dissemination of tumor cells out of the BM is not only related to changes in expression of adhesion molecules and chemokine receptors but also to the presence of several molecular aberrations, which contribute to BM microenvironment-independent tumor growth, inhibition of apoptosis, and escape from immune surveillance. In pPCL, these genetic abnormalities are already present at diagnosis, whereas during the process of progression of mono-clonal gammopathy of undetermined significance (MGUS) to MM and finally to sPCL, there is a gradual accumulation of genetic events, resulting in the acquisition of a more aggressive phenotype of the clonal plasma cells ( Figure 2 ). Interestingly, gene expression profiling identifies pPCL as a distinct molecular entity among myeloma samples. 10 MM is preceded by MGUS in the majority of patients, and some case series report PCL patients with a preexisting MGUS. 12 However, it is currently unknown to what extent such a protracted premalignant phase precedes pPCL or whether indeed pPCL predominantly arises de novo.
Initial immortalizing events
Primary IgH translocations and hyperdiploidy are considered to be early oncogenic events necessary for the immortalization of the plasma cell clone but insufficient for the development of symptomatic disease. In pPCL, hyperdiploidy is observed in only 0%-8.8% of the cases, 5, 13 whereas it is observed in ϳ 50% of newly diagnosed MM. 14 Conversely, the incidence of hypodiploidy 5, 6, 8, 10, 13, 15, 16 and IgH translocations is significantly increased, 5, 13, 17 which is consistent with the association of 14q32 translocations with nonhyperdiploidy in MM. 18 A similar pattern is observed in sPCL, with the exception that hyperdiploidy is slightly more prevalent in sPCL (ϳ 17%) compared with pPCL. 5, 15, 16 Altogether, this suggests that nonhyperdiploid tumors are less dependent on the BM microenvironment than hyperdiploid tumors.
The most prevalent IgH translocation in pPCL is t(11;14) at a frequency of 25%-65%, 4, 5, 13, 16, 17, [19] [20] [21] [22] which is higher than observed in MM (ϳ 15% 23, 24 ; Table 1 ). The poor prognosis of t (11;14) bearing pPCL is in contrast with the more favorable prognosis associated with this abnormality in MM. 23, 24 One study showed a significantly higher incidence of t (11;14) in pPCL compared with sPCL, 5 whereas another study observed no difference. 16 The frequencies of t(4;14) and t (14;16) in pPCL are higher compared with newly diagnosed MM but comparable with the prevalence in sPCL, 4, 5, 13, 16, 17, 22 and these translocations are clearly associated with poor prognosis in newly diagnosed MM. 23, 25 
Secondary (epi)genetic events
In both pPCL and sPCL, the prevalence of poor-risk chromosomal abnormalities, such as del(17p), 4, 5, 16, 17, 21 del(13q), [4] [5] [6] 13, 16, 17, 22, 26, 27 del(1p21), 16, 17, 21, 28 ampl(1q21), 16, 17, 21, 27, 28 and MYC translocations or amplifications, 5, 17, 29, 30 is markedly higher compared with newly diagnosed MM (Table 1) . Coding mutations in TP53 are common in both pPCL and sPCL, 5, 31 whereas these mutations are rare in newly diagnosed MM. 31 Activating K-RAS and N-RAS mutations are frequently observed in advanced MM and more prevalent in pPCL 5,32,33 compared with newly diagnosed MM. 33, 34 In addition to genetic lesions, epigenetic modifications, such as increased methylation of CpG dinucleotides in the promoters of genes, appear to play an important role in the pathogenesis of PCL. 5, 35, 36 
Adhesion molecules and chemokine receptors
Compared with MM, tumor cells from pPCL and sPCL patients have reduced expression of the adhesion molecules NCAM (neural cell adhesion molecule/CD56) and LFA-1 (leukocyte functionassociated antigen-1), which may contribute to the extramedullary accumulation of tumor cells in PCL. 6 ,37-39 The absence of CD56 or LFA-1 is associated with reduced binding of tumor cells to BM stromal cells. 40,41 Furthermore, loss of CD56 results in increased production 3, 7 At that time, the authors worked in the University Hospital of Lemberg (Lvov), which was then part of the Austrian Empire, but is now one of the main cities in western Ukraine. Professor Gluzinski was born in Wloclawek (Poland) in 1856 and died in Warsaw in 1935. 100 The authors describe a 47-year-old train ticket inspector who presented with bone pain, a palpable mass over one of his ribs, rib fractures, anemia, and splenomegaly. Urine contained large amounts of a proteinaceous substance. In the blood smear, the authors observed erythroblasts and immature plasma cells, sometimes with 2 or 3 nuclei. The absolute number of circulating tumor cells increased significantly during further follow-up (one week before patient died, leucocytes were estimated at 39.4 ϫ 10 9 /L, containing 91% plasma cells). The diagnosis of MM and "leucaemia lymphatica plasmocellularis" was made. Treatment consisted of the organoarsenic compounds Atoxyl and Neoarsicodile. This was followed by a brief period with reduced levels of pain and reduction of the size of the rib tumor, enabling him to resume working. However, the pain and rib tumors recurred and the patient died 6 months after his first presentation of pneumonia. Autopsy confirmed the premortem diagnosis. Interestingly, much later, several groups reported activity from arsenic in MM and related disorders.
of matrix metalloproteinase-9, which leads to destruction of the basal membrane and extracellular matrix. 42 Extramedullary MM or PCL is also associated with loss of very late antigen-5 (VLA-5), 39,43 LFA-3, 37,44 and tetraspanin proteins, such as CD9 and CD82, which are cell surface molecules involved in adhesion, motility, and invasion. 6, 45 Down-regulation of chemokine receptors, such as CXCR4 on tumor cells, may also lead to impaired retention of PCL in the BM. 45 
Immune evasion
Various abnormalities may result in impaired antitumor T cell and NK cell-mediated immune responses in PCL. One of these aberrations is reduced expression of antigen-presenting HLA class I molecules in pPCL compared with MM or MGUS. 46 Loss of adhesion molecules, such as LFA-1, may also facilitate escape of tumor cells from immune surveillance. 47 Figure 2 . Model for the mechanisms that contribute to the development of primary and secondary plasma cell leukemia. Primary immunoglobulin heavy chain (IgH) translocations with 5 recurrent chromosomal partners (4p16, 6p21, 11q13, 16q23, and 20q11) and hyperdiploidy (typically with trisomies of chromosomes 3, 5, 7, 9, 11, 15, 19, and 21) are early events and associated with the initiation of limited clonal plasma cell proliferation in MGUS. Acquisition of secondary chromosomal abnormalities (such as deletions of [parts of] chromosomes or secondary chromosomal translocations) and mutations involving individual genes results in the stepwise progression from MGUS to newly diagnosed symptomatic MM and, finally, aggressive forms of MM, such as sPCL or extramedullary MM. During this process, there is a progressive replacement of normal/polyclonal plasma cells (red) by clonal plasma cells (green). Progression of the plasma cell disorder is also accompanied by altered interactions of the tumor cells with various components of their microenvironment, such as osteoclasts, endothelial cells, and cells of the immune system. On the other hand, the immortalized cell may accumulate various genetic aberrations in a short period of time, resulting in de novo pPCL or rapid progression of MGUS to PCL, without preceding MM. Importantly, in pPCL, hyperdiploidy is very uncommon, whereas primary IgH translocations have a higher incidence compared with the incidence of these primary genetic events in newly diagnosed MM. 
Clinical and laboratory features of PCL pPCL versus newly diagnosed MM
pPCL patients have a younger age at presentation compared with MM or sPCL patients (Table 2) . 4, 5, 7, 48, 49 However, their performance status at diagnosis is usually worse, 6 which may be related to the more advanced stage of disease (Durie-Salmon stage III: ϳ 80%-96%; International Staging System stage III: ϳ 63%-80%). 4,6,50-54 Extramedullary involvement, such as hepatomegaly, splenomegaly, lymphadenopathy, leptomeningeal infiltration, or extramedullary plasmacytomas, is more frequent in pPCL, 1,5-10,49,51,53-55 with extensive bone disease being more common in patients with MM. 5, 6, 53 Various laboratory characteristics reflect a high tumor load. For example, the median percentage of BM plasma cells is significantly higher in pPCL than in MM. 5, 6, 54 In addition, renal failure is more common in pPCL, which can be partly explained by the higher incidence of light-chain disease. 5, 6, 10, 49 Furthermore, hypercalcemia, anemia, thrombocytopenia, elevated plasma cell labeling index, increased LDH, and GEP-defined high-risk disease are more frequent at presentation in pPCL compared with MM. 5, 6, 8, 10, 50, 51, 53, 55 Consistent with higher tumor burden and an increased incidence of renal impairment, significantly elevated ␤ 2 -microglobulin levels in pPCL are seen compared with MM. 5, 6, 10, 50, 55 pPCL versus secondary PCL Secondary PCL is typically the terminal stage of preexistent MM, and this in part explains the higher prevalence of advanced bone disease compared with pPCL. 5, 7 In contrast, extramedullary involvement may be less common in sPCL. 5, 7 Patients with sPCL present more often with renal failure than MM patients, but renal dysfunction is more common in pPCL. 5
Blood and BM findings
Peripheral blood examination in pPCL shows circulating tumor cells and typically a leuko-erythroblastic blood picture in up to 67% of patients ( Figure 3 ). 5,53 BM biopsy typically demonstrates extensive BM involvement, disrupting normal hematopoiesis. In some cases, tumor resembles normal plasma cells, whereas in others, lymphoplasmacytoid or immature plasma cells predominate. 19, 56, 57 Sometimes the circulating plasma cells are difficult to classify by light microscopy alone and differentiation from other conditions, such as chronic lymphocytic leukemia, hairy cell leukemia, or marginal zone lymphoma with circulating lymphocytes requires immunophenotypic analysis, which can also be useful to differentiate reactive from clonal plasma cells.
The most striking immunophenotypic difference between newly diagnosed MM and pPCL is that pPCL tumor cells are less often positive for CD56, CD71, CD117, and HLA-DR, but more likely express CD20, CD45, CD19, CD27, and CD23. 6, 20, [37] [38] [39] 49, 58, 59 Both increased expression of CD20 and CD23 and down-regulation of CD56 may be related to the high incidence of t (11;14) in pPCL. 6, 20, 58, 60 Tumor cells are positive for CD38 and CD138 in both PCL and MM 6, 19, 37 (Figure 3C ). Interestingly, there is a progressive decrease in expression levels of CD38 from normal plasma cells to MGUS plasma cells, MGUS to MM, and finally MM to PCL, 46 which probably reflects dedifferentiation into a more immature phenotype. Kraj et al compared pPCL and sPCL and found that their immunophenotypic profiles are comparable, except for CD56 expression, which was more often present in sPCL. 37 In contrast, in another comparative study, both types of PCL had no or weak CD56 expression, whereas CD28 expression was more frequent in sPCL compared with pPCL. 38
Diagnostic workup of pPCL
At the time of pPCL diagnosis, laboratory studies, such as complete blood count with differential, peripheral blood smear, blood chemistry including tumor lysis parameters, ␤ 2 -microglobulin, serum and urine protein electrophoresis with immunofixation, and measurement of free light chains, are essential ( Table 3) . Staging procedures should also include skeletal survey and BM biopsy, as well as aspiration for morphology, immunophenotyping, and cytogenetic analysis by FISH, which is focused on del(17p13), del(13q), del(1p21), ampl(1q21), and the presence of 14q32 abnormalities (t(11;14)(q13;q32), t(4;14)(p16;q32), and t(14;16)(q32;q23)). Because pPCL is a clearly defined high-risk plasma cell disorder, the value of additional risk stratification by cytogenetics to guide type of therapy or predict outcome is currently limited. Lumbar puncture, MRI, or CT (which can be combined with PET) should be performed when extramedullary involvement is suspected (eg, if cranial nerve palsies, cord compression, obstructive icterus, or palpable masses are noted on examination).
Prognostic factors
Various unfavorable prognostic factors for newly diagnosed MM also have prognostic value in pPCL. However, the prevalence of these risk factors in pPCL is significantly higher. Prognostic parameters include low serum albumin, 51 elevated ␤ 2microglobulin, 6 hypercalcemia, 49,51 elevated serum LDH, 9, 54 advanced age, 9, 48 worse performance status, 9, 54 and increased percentage of S-phase plasma cells. 6 Response to treatment is also of great prognostic value in pPCL. Patients presenting with disease that is resistant to initial therapy have a very poor prognosis, with survival estimates of a few months. 9, 49, 51 The failure of blood plasma cells to decline by 50% within 10 days or to be cleared within 4 weeks has been proposed as a criterion identifying patients with unresponsive disease. 8 Because most studies performed in pPCL are small and retrospective in nature with heterogeneous treatments, the value of the cytogenetic abnormalities with prognostic impact in MM remains unclear in pPCL. The presence of hypodiploidy, complex karyoptype, del(13q), del(17p), del(1p), or ampl(1q) was associated with reduced OS in a retrospective study performed in Italy. 51 Survival in a cohort of both primary and secondary PCL patients was negatively affected by the presence of t(4;14) and del(1p21). 16 Avet-Loiseau et al showed that pPCL patients with t(11;14) had a longer OS, 13 and Tiedemann et al found that MYC rearrangements predicted for shorter OS. 5 Larger prospective studies with standardized treatments are needed to establish the prognostic value of the diverse cytogenetic abnormalities in PCL overall.
Treatment modalities in pPCL
There is a paucity of literature on the treatment of pPCL, and no randomized trials have been reported exclusively for patients with pPCL.
Conventional chemotherapy
The prognosis of pPCL after conventional chemotherapy without novel agents is poor, with median OS of ϳ 7 months. [6] [7] [8] 49, 55, 57, 61 There appears to be limited benefit in terms of survival for multiagent conventional chemotherapy, such as vincristine, adriamycin, and dexamethasone (VAD)-based regimens, compared with regimens containing only an alkylating agent plus a corticosteroid. 5-8,51,55 
Novel agents
The introduction of immunomodulatory drugs and proteasome inhibitors has significantly improved survival of MM patients. 62, 63 Increasing evidence suggests that these agents also improve outcome of pPCL, but the benefit may be less pronounced compared with classic MM. A retrospective analysis performed by the Intergroupe Francophone du Myélome showed that pPCL patients treated with novel agents had a survival of 15 months compared with 8 months for patients who did not receive novel agents as part of their treatment. 64 In addition, a retrospective analysis performed by GIMEMA showed improved survival for those patients who received bortezomib and/or thalidomide at any stage of their treatment. 51 In contrast, a SEER database analysis failed to show enhanced survival of pPCL patients in the period 1973-2004, but information on treatment changes over time were lacking in this study. 48 There remain a limited number of prospective studies evaluating novel agents in pPCL, with several retrospective studies providing additional information on the efficacy of these drugs.
Bortezomib
Bortezomib is probably the most important drug in pPCL because bortezomib-based therapy rapidly reduces tumor load and reverses complications, including renal failure and hypercalcemia. Bortezomib also overcomes the poor prognosis conferred by del(13q) or t(4;14) and mitigates the adverse outcome associated with del(17p). [65] [66] [67] Several case reports and small case series suggest that bortezomib, alone or in combination with other agents, is effective in newly diagnosed pPLC and may also be active in refractory pPCL or sPCL. 61, [68] [69] [70] [71] [72] [73] [74] The largest retrospective analysis of newly diagnosed pPCL patients treated with bortezomib-based regimens (n ϭ 29) comes from the Italian GIMEMA MM Working Party, with an overall response rate of 79%, and 38% Ն very good partial response (VGPR). 71 Importantly, there was improvement or normalization of renal function in 10 of 11 patients presenting with renal failure. Two-year progression-free survival (PFS) was 40% and 2-year OS 55%, with the best long-term results achieved in patients who received stem cell transplantation (SCT) after bortezomib induction. 71 In another retrospective analysis, Musto et al showed that response rate to bortezomib or bortezomib-based combinations in 8 newly diagnosed or relapsed pPCL patients was 100%, with median PFS and OS not reached after 21 months. 61 A single-center retrospective analysis of all pPCL and sPCL patients has shown a survival advantage for bortezomib-treated patients compared with a non-bortezomib-treated group. 75 This is in line with a retrospective analysis of 73 pPCL patients treated with different regimens, which showed best results for patients treated with bortezomib followed by autologous SCT (auto-SCT). 51 In contrast, a retrospective analysis performed by the Intergroupe Francophone du Myélome showed no improvement in OS for patients treated with relatively short courses of bortezomib. 4 Although the number of patients is small, the Arkansas group showed that Total Therapy 3 (which incorporates both bortezomib and thalidomide) did not result in an improved survival compared with the preceding Total Therapy regimens, which incorporated thalidomide alone. 10
Thalidomide
Efficacy of single-agent thalidomide is limited in pPCL compared with the activity of this agent in MM. 76, 77 Although some reports with small numbers of patients showed that thalidomide may result in durable responses in sPCL or pPCL, its decreased activity in extramedullary MM makes its use less attractive. 78, 79 Conversely, addition of thalidomide to dexamethasone, conventional chemotherapy, or bortezomib may result in enhanced activity in pPCL. 64, 80, 81 
Lenalidomide
Lenalidomide is less toxic and more potent than thalidomide. The combination of lenalidomide with dexamethasone has been effective in newly diagnosed pPCL. 22 In a prospective phase 2 study, 23 newly diagnosed pPCL patients were treated with lenalidomide and dexamethasone: 14 patients completed the initial 4 planned cycles and partial response (PR) was achieved in 61%, with Ն VGPR in 35%. Five patients underwent auto-SCT and 1 received tandem auto-SCT/allogeneic SCT (allo-SCT) after lenalidomide plus dexamethasone treatment. After a median follow-up of 15 months, OS and PFS were 63% and 52%, respectively. 22 Lenalidomide-based therapies also appear promising in the setting of relapsed/refractory disease, especially in combination with bortezomib. 64, 82, 83 
Combinations of novel agents
In pPCL, the efficacy of combinations of novel agents, such as lenalidomide, bortezomib, and dexamethasone (RVD), 84 bortezomib, thalidomide, and dexamethasone (VTD), 61, 64, 71 or melphalan, prednisone, bortezomib, and thalidomide (VMPT), 71 appears very promising. Studies describing these regimens invoke only a small numbers of patients but are based on the biologic and clinical features seen.
Auto-SCT
McElwain and Powles were the first to describe the efficacy of high-dose melphalan in a pPCL patient, who survived more than 30 months after melphalan 140 mg/m 2 . 85 Since then, other case reports and small case series suggest that high-dose therapy with hematopoietic stem cell support improves OS. 4, 5, 9, 51, 56 The largest retrospective analysis to date was performed by the European Group for Blood and Marrow Transplantation, 50 who compared 272 pPCL patients with 20 844 MM patients undergoing auto-SCT between 1980 and 2006. 50 Although CR rates before and after autologous SCT were higher in pPCL patients, median PFS (14.3 vs 27.4 months) and OS (25.7 vs 62.3 months) were significantly longer in MM patients. Conversion to CR after auto-SCT was associated with improved PFS and OS. 50 Treatmentrelated mortality (TRM) was higher in the pPCL group. Importantly, this study lacked information regarding type of induction regimen, which is probably critical based on current data.
Another large retrospective analysis of 97 pPCL patients who received upfront auto-SCT between 1995 and 2006 was generated by the Center for International Blood and Marrow Transplant Research (CIBMTR). 86 In contrast to the European Group for Blood and Marrow Transplantation results, 3-year PFS (34%) and OS (64%) were similar to that observed in MM, and there was a trend toward superior OS in patients who received a tandem auto-SCT compared with those receiving a single transplant. Nonrelapse mortality at 3 years was 5%. The use of novel agents as part of the induction therapy was very low, which may explain the absence of any major difference in outcome.
Moreover, when comparing both studies, PFS is almost identical, whereas OS was significantly longer in the CIBMTR study (Table 4 ). This outcome may be related to greater availability of novel agents for relapse treatment in the CIBMTR study (Ͼ 60% transplanted after 2000). Altogether, these studies show an encouraging survival after auto-SCT with acceptable toxicity. However, in both series, it is unclear which proportion of patients planned to undergo auto-SCT did not receive this treatment because of either early progression or death. This selection bias may lead to an overestimation of the effectiveness of auto-SCT in pPCL; nonetheless, integration of novel therapies into induction, consolidation, and maintenance around auto-SCT would seem justified.
Allo-SCT
Because response duration after auto-SCT is relatively short, other strategies are needed as a consolidation treatment, including allo-SCT, under the auspices of a clinical trial. Although TRM is high, several case reports and case series reported successful results and long-term survival after allo-SCT in pPCL. 56, 81, 87 The retrospective CIBMTR analysis also compared the outcome of the 97 patients who received auto-SCT with 50 patients who received allo-SCT between 1995 and 2006. 86 Most patients (68%) received a myeloablative conditioning regimen before allo-SCT, whereas 32% received a nonmyeloablative or reducedintensity conditioning regimen. Only 4 patients received tandem auto-allo-SCT. Although the cumulative incidence of relapse at 3 years was significantly lower in the allogeneic group (allo-SCT vs auto-SCT, 38% vs 61%), TRM at 3 years was considerably higher in patients who received an allogeneic transplant (allo-SCT vs auto-SCT, 41% vs 5%). This resulted in a 3-year OS of 64% and 39% for the auto-SCT and allo-SCT group, respectively. 86 Relapse risk was lower and PFS was superior in patients who were transplanted within 6 months of diagnosis. Importantly, the use of novel agents as part of the induction regimen remained low. Furthermore, this analysis covers a long time span, during which TRM of allo-SCT has decreased because of better supportive care and use of other reduced intensity conditioning regimens.
The European Myeloma Network is initiating a prospective study in which pPCL patients will be treated with a novel agent-containing induction regimen, followed by tandem auto-SCT and allo-SCT, the latter involving semi-intensive conditioning with melphalan 140 mg/m 2 ϩ fludarabine, as well as novel agent consolidation and maintenance. Such strategies would appear most likely to generate improved outcome in this setting.
Treatment recommendations for pPCL
pPCL requires urgent control of clinical manifestations to prevent early death because of irreversible disease complications. 8 In patients presenting with renal failure, hypercalcemia, or elevated LDH, treatment with a bortezomib-based regimen should be started as soon as possible to rapidly reduce the high tumor load to reverse and/or prevent complications. Although participation in clinical trials is strongly recommended, this is not always feasible. Our recommendations of how to treat patients not eligible for studies are based on the increasing evidence that autologous SCT and novel agents improve outcome in pPCL (Figure 4 ). Because no specific response and relapse criteria have been defined in pPCL, we also propose to use definitions as formulated in Table 5 .
Younger patient with pPCL
In the transplantation-eligible patient, high-dose therapy with autologous stem cell rescue is currently the most effective therapeutic modality to achieve long-term remission. Because several studies report a survival benefit of bortezomib, our current practice is to treat patients with a 3-drug bortezomibbased induction regimen, such as RVD, PAD, CVD (cyclophosphamide, bortezomib, and dexamethasone), or VTD. This is followed by auto-SCT with high-dose melphalan as conditioning regimen. In the absence of randomized trials, no conclusions can be drawn regarding the superiority of one bortezomib-based triplet over another.
Post-transplantation consolidation and/or maintenance strategies with novel agents have not been extensively studied in pPCL, with only case reports and small case series describing prolonged remissions after maintenance treatment with thalidomide, 51, 83 lenalidomide, 22, 73 and bortezomib. 69, 71, 72 Nonetheless, we typically offer consolidation and maintenance therapy to patients after transplantation because of increasing evidence that consolidation and/or maintenance treatments increase the quality of response, [88] [89] [90] which is associated with improved OS and PFS in MM, 91 and this may be especially important in high-risk disease, such as pPCL. 50 In particular, achievement of a minimal residual disease-negative status is predictive of improved outcome, especially in the presence of high-risk cytogenetics. 88, 91 The generally short PFS after autologous-SCT (also for patients achieving CR) 50,86 seen in pPCL is indicative of the persistence of a substantial burden of (minimal) residual disease. Altogether, this provides strong rationale for the use of post-transplantation therapies in pPCL to improve depth of response, maintain remission, and prolong survival. Furthermore, future studies incorporating detection of persistent minimal residual disease by multiparameter flow cytometry are warranted to identify which patients benefit most from consolidation/maintenance strategies. 91 Consolidation regimens that can be used after transplantation include 2-4 cycles of RVD or VTD. This treatment can be followed by maintenance therapy with lenalidomide and/or bortezomib until progression. Maintenance treatment with bortezomib and/or lenalidomide also seems to improve outcome in MM patients with high-risk chromosomal aberrations, 65, 90, 92 whereas data suggest that thalidomide maintenance is only beneficial in patients with standard-risk cytogenetics. 93, 94 This outcome, combined with the cumulative toxicity associated with thalidomide, favors the use of lenalidomide and/or bortezomib as maintenance therapy in pPCL.
Given the lower risk of relapse after allo-SCT compared with auto-SCT, 86 consolidation with allo-SCT can also be considered as part of frontline treatment in pPCL in younger patients (Ͻ 65 years) with an available fully matched sibling or unrelated donor. Because the benefits of allo-SCT in this disease are still unclear and to improve efficacy and safety of allo-SCT, it should be performed in the setting of a clinical trial, in which new conditioning regimens may be explored and in which novel agents as part of induction and maintenance therapy are incorporated. Other methods, such as vaccination approaches, hold promise for improving outcome of allo-SCT but may be problematic in the setting of aggressive disease, such as pPCL. Treatment decisions for allo-SCT should be individually discussed with the patient. Thus, patients with pPCL can be treated with auto-SCT, followed 3-6 months later by allo-SCT with semi-intensive conditioning consisting of busulfan ϩ fludarabine or melphalan 140 mg/m 2 ϩ fludarabine. Myeloablative conditioning should only be considered in fit young patients without comorbidities and on protocol, given its high TRM. In both semi-intensive and myeloablative conditioning protocols, the chemotherapy preceding allo-SCT is important for the prevention of early relapse before the graft-versus-myeloma effect becomes established. Moreover, the integration of combination therapy with novel therapies as part of induction, consolidation, and maintenance is vital.
Older patient with pPCL
Patients who are not transplant eligible because of advanced age and/or comorbidities should be treated with a bortezomib-based regimen, such as VMP or RVD. In addition, in older pPCL patients, the importance of consolidation and maintenance therapy after induction treatment is highlighted. In the very elderly population and in patients with multiple comorbidities, treatment tolerance is reduced, necessitating dose modifications to reduce toxic side effects and avoid early discontinuations, which eventually can lead to decreased efficacy.
Treatment of relapsed pPCL
When patients with pPCL relapse, outcome is generally poor. Based on various factors, including age, performance status, time from prior therapy, response to prior therapies, BM reserve, and presence of comorbidities (such as polyneuropathy or renal dysfunction), selection of a multiagent salvage chemotherapy regimen with several novel agents is recommended. 95 Thromboprophylaxis (aspirin for patients at standard risk for thromboembolic events and low-molecular-weight heparin or adjusted-dose warfarin in high-risk patients) is indicated when either thalidomide or lenalidomide is combined with dexamethasone or chemotherapy. MUD indicates matched unrelated donor; DLI, donor lymphocyte infusion; PAD, bortezomib, adriamycin, and dexamethasone; CVD, cyclophosphamide, bortezomib, and dexamethasone; VMP, bortezomib, melphalan, and prednisone; and RIC, reduced intensity conditioning.
Supportive care
Early mortality through complications is high, 8 indicating that adequate supportive care is important in this vulnerable patient group. Varicella zoster virus prophylaxis is recommended for all patients receiving bortezomib-based therapy, and antibacterial and antifungal prophylaxis is given dependent on type of treatment regimen, especially with high-dose steroids. Intravenous immunoglobulin may be useful in case of recurrent bacterial infections in the presence of hypogammaglobulinemia. Other measures to prevent serious infection include the use of granulocyte colony-stimulating factor.
Thromboprophylaxis should be initiated when either thalidomide or lenalidomide is combined with dexamethasone or *All response categories require 2 consecutive assessments made at any time before the institution of any new therapy; all categories also require no known evidence of progressive or new bone lesions if radiographic studies were performed. Radiographic studies are not required to satisfy these response requirements.
†Confirmation with repeat BM biopsy is not needed. ‡Sensitivity attainable with 8-color multiparameter flow cytometry and allele-specific oligonucleotide PCR is 10 Ϫ6 . §The presence or absence of clonal cells is based on the / ratio. An abnormal / ratio by immunohistochemistry and/or immunofluorescence requires a minimum of 100 plasma cells for analysis. An abnormal ratio reflecting the presence of an abnormal clone is / of Tumor lysis syndrome (TLS) is rare in myeloma (ϳ 1%-2%) and typically occurs soon after initiation of therapy with an increased incidence in patients with high tumor burden (BM plasmacytosis Ͼ 70%), rapidly proliferating disease (labeling index Ͼ 3.5%, high LDH), immature plasma cell morphology, adverse cytogenetics, and compromised renal function. Because many of these characteristics are present in pPCL patients, the incidence of TLS is expected to be higher in this disorder. 96 Therefore, patients should receive TLS prophylaxis (allopurinol and increased hydration for standard risk patients, and rasburicase plus increased hydration for patients with multiple risk factors or presenting with renal dysfunction or hyperuricemia), with careful monitoring for TLS and prompt intervention in case TLS develops to minimize any permanent renal dysfunction.
Patients with extramedullary disease may also benefit from locoregional therapy, including radiotherapy in case of plasmacytomas and/or intrathecal chemotherapy for leptomeningeal involvement. Bisphosphonates are recommended after correction of factors predisposing to renal deterioration, such as hypovolemia, except in patients with severe renal impairment, in which reversibility is anticipated. Finally, the use of erythropoiesis-stimulating agents is appropriate for Hb Յ 10 g/dL.
Treatment recommendations for sPCL
Survival of patients with sPCL is shorter than survival in pPCL. 5, 7, 57 As for other forms of relapsed and refractory MM, treatment depends on both patient-and disease-specific factors. Available data suggest that bortezomib-based treatment is the most effective treatment modality in sPCL. 61, 68, 73, 75 In case of refractory disease, combination approaches, such as lenalidomide combined with bortezomib, 97 or participation in a clinical trial, if feasible, can be considered. High-dose methylprednisolone may be a useful adjunct together with other chemotherapeutics and novel agents. However, because sPCL represents heavily pretreated end-stage MM, patients are generally refractory to all available treatment modalities or have a response of short duration, with the emphasis of best supportive care and effective palliation being very important considerations once therapeutic failure occurs.
In conclusion, patients with pPCL have an aggressive clinical presentation and poor prognosis, resulting from a different biologic background compared with classic MM. Various studies demonstrate that the introduction of auto-SCT and bortezomib-based therapy, as well as other novel agents such as lenalidomide, have markedly improved survival of pPCL patients. However, survival of most pPCL patients is still inferior compared with outcome in newly diagnosed MM, indicating the need for novel treatment strategies. Examples of newer novel agents include second-generation proteasome inhibitors and immunomodulatory drugs, monoclonal antibodies such as rituximab, elotuzumab, and daratumumab, 77, 98 as well as inhibitors of histone deacetylase, Akt, and mTOR ( Figure  5 ). The introduction of these next-generation novel agents, combined with the identification of biomarkers that are predictive of therapeutic response, will eventually result in a more personalized targeted treatment to simultaneously augment efficacy and minimize toxicity. Because PCL patients do not benefit as much from the currently available treatment strategies compared with other MM patients, they should be considered primary candidates for these newer treatment options, and enrollment in clinical trials should be encouraged. Given the rarity of pPCL, collaboration will be essential in developing clinical trials to effectively evaluate new drug combinations and continued modality approaches (eg, allo-SCT) to further improve outcome. 
